The in vivo spherical aberration of the lenses of 26 subjects was estimated from the measured total aberration of the eye and that predicted from the measured shape of the anterior corneal surface. Since it was only possible to estimate the aberration contribution from the posterior corneal surface, its value led to an uncertainty in the final aberration level of the lens. For all the subjects and for a wide range of possible aberration levels at the posterior corneal surface, the spherical aberration of the relaxed lens was found to be negative.
Introduction
The detailed optical structure of the lens is still unknown, although we know that the surfaces are aspheric and the refractive index has a gradient form. Both of these have possibly a strong influence on the aberrations of the lens and hence eye as a whole. A knowledge of the ocular aberrations arising at the lens is important in understanding the effect of corneal aberrations on visual performance. Furthermore, it is possible that changes in the gradient index structure with age can explain the lens paradox and allow the ageing normal eye to maintain emmetropia (Pierscionek, 1990; Smith, Atchison, & Pierscionek, 1992; Koretz & Cook, 1999) .
Thus, the aberrations of the lens and the form of the gradient refractive index structure of the lens are of inherent interest and these are related. Given this refractive index distribution and the lenticular surface shapes, we would be able to predict the aberrations. However, determining the index distribution in vivo is not easy, although in principle it should be possible and easier to measure the surface shapes using some type of placido disc system. An alternative approach is to find a method of predicting the optical structure from the aberrations. Pomerantzeff, Fish, Govignon, and Schepens (1972) attempted to do this, but in their particular method, the system was under sampled and the solution would not have been unique. If we are to pursue this particular avenue of research, we must have more information on the aberration level of the lens, both on-and off-axis. Here we will look only at the on-axis case, which contains only spherical aberration.
Estimates of the spherical aberration of the lens to date are inconclusive. The work of Jenkins (1963) indicates that the aberration is approximately zero. Millodot and Sivak (1979) found that it was positive and similar to that of the cornea. Sivak and Kreuzer (1983) found cases where the aberration was negative and some cases where it was positive. Tomlinson, Hemenger, and Garriott (1993) found in general, that the aberration was negative. Artal and Guirao (1998) found that the spherical aberration of each of their fives subjects was negative, but in interpreting their published data, we should be aware that they use the opposite sign convention.
To date, the following four methods of estimating the spherical aberration of the lens have been used. 1. Measure the aberration of the in vitro lens (e.g. Sivak & Kreuzer, 1983) . 2. Neutralise the cornea and then measure the aberration of the eye (e.g. Millodot & Sivak, 1979) . 3. Measure the aberration of the whole eye, predict the corneal aberration from the corneal shape, and then take the difference (El Hage & Berny, 1973).
4. Tomlinson et al. (1993) measured the contrast sensitivity of the eye for a small and large pupil size and using a knowledge of the expected aberration contribution from the cornea, predicted the aberration of the lens. Artal and Guirao (1998) used methods (2) and (3) but did not measure the aberration of the eye directly, but instead measured the point spread function and deduced the aberration from it.
None of these is ideal. Method (1) has the weakness that the in vitro lens may have a very different shape to that in vivo and requires the aberrations to be measured using the same conjugates and surrounding refractive indices as in the eye. This is important because the aberrations of any system vary with position of the conjugates. Method (2) is not easy to apply, requires the aberration to be measured on a very hyperopic eye and also does not take into account the aberration of the posterior surface of the cornea. Method (3) also does not take into account this aberration, but is the easiest to implement, especially now that aberroscopes allow the aberration of the whole eye to be measured and accurate photokeratoscopes allow the shape of the anterior corneal surface to be determined from which we can predict its aberrations. However, the aberration arising from the posterior corneal surface can only be estimated, with the resulting uncertainties. Method (4) also does not take into account the aberration from the posterior corneal surface and is probably time consuming. This paper investigates the expected spherical aberration of the lens using method (3), which is the most direct method and would more readily allow us to examine the irregularities in the aberrations.
Aberration theory predicts that the primary aberrations of an optical system are the sum of the contributions from individual surfaces. That is, the aberrations are additive. Therefore, if we know the aberrations of the whole eye and that of the cornea, the aberration of the lens is the difference between these two values.
Theory

Aberration of the whole eye
The aberration of the whole eye can be measured with the crossed-cylinder aberroscope (Howland & Howland, 1977) or by the Hartmann -Shack method (Liang, Grimm, Goelz, & Bille, 1994) . In the aberroscope, analysis of the retinal grid gives the aberration coefficients of the wave aberration polynomial
either by the original orthogonal polynomial method of Howland and Howland or by the least squares method of Smith, Applegate, and Howland (1996) . Here, the highest order terms in Eq. (1) are primary aberrations. This polynomial form allows the wave aberration to be completely asymmetric in the pupil and it is known that the aberration of the human eye is usually asymmetric. Alternatively, the aberration polynomial may be expressed in terms of Zernike polynomials (Wang & Silva, 1980) . However, while the Zernike terms have an advantage of being orthogonal, they have the disadvantage that the numerical value of the coefficients depends upon pupil size, while the above W coefficients do not.
In this study, we will make the assumption that the eye is rotationally symmetric and since the highest power in the above polynomial is four, we can only calculate the corresponding primary spherical term W 4,0 for the equivalent rotationally symmetric eye. In this case, the above equation can be reduced to one variable, say Y, in the pupil and becomes
We can find this best fit rotationally symmetric aberration to the irregular aberration, in several ways. If we equate the integral of the spherical aberration terms over the pupil of any diameter, we have
The two other spherical aberration terms W 11 and W 13 do not contribute to this value. Alternatively, we could use the more conventional least squares best-fit method and that is what we used here. A comparison of the two methods revealed that they gave similar results.
Corneal contribution
Primary and Seidel aberration theory gives us equations for calculating the aberrations arising at a particular surface. Starting with general equations provided in texts such as those by Welford (1986) , Smith and Atchison (1997) , we can show that the primary spherical aberration W 4,0 at any conicoid surface is given by the equation
where h is the height of the (paraxial marginal) ray at the surface, h 0 the ray height at the entrance pupil of the eye, which, in general, is different to that at any particular surface C the apex curvature of the surface (= 1/R) R the apex radius of curvature, n the refractive index on the incident side of the surface n% the refractive index on the other side, L the object vergence at the surface and Q is the conicoid asphericity (Q= 0 for a sphere and −1 for a parabola). We can apply these to any ocular surface, provided it is well described by a conicoid and many investigators have made this assumption.
Anterior corneal surface
For this surface, we know the value of the refractive indices (n=1.0 and n% =1.376). For the relaxed eye, the object vergence L is 0 and the height h is equal to h 0 . Therefore, Eq. (4) reduces to.
We can readily measure the anterior radius of curvature R and asphericity Q and thus for each subject, using these measured values, we can determine the primary spherical aberration (W 4,0 ).
Eq. (5) predicts that the anterior corneal surface has positive spherical aberration for Q values greater than −0.528, zero for this value and negative for Q values less than this. Population means values of Q are available in the literature. Kiely, Smith, and Carney (1982) give a value of −0.26 90.18 and Guillon, Lydon, and Wilson (1986) give a value of −0.18 9 0.15. Both these values indicate that the cornea is expected to have positive spherical aberration.
Posterior corneal surface
We can also use Eq. (4) to predict the spherical aberration arising at the posterior corneal surface and in this case, we have n =1.376 and n%= 1.336. However, now the object vergence L is not 0, as it is for the anterior corneal surface, and its value depends upon the radius of curvature of the anterior surface. Therefore, Eq. (4) cannot be simplified, as it was for the anterior surface. Furthermore, the ray height h is not equal to h 0 as it is for the anterior surface.
The form of the aspheric contribution in Eq. (4) indicates that for negative Q values, this contribution would be positive, in contrast to the trend for the anterior surface. This is because C is positive and (n%−n) = (1.336−1.376) is negative. Therefore, the spherical aberration contribution has opposite sign to the value of Q.
Measurement of the radius of curvature R and asphericity Q of the posterior surface is not as easy as it is for the anterior surface and we were not able to measure these values for this study. Therefore, we had to find some way of estimating their values in individual cases.
We decided to predict the posterior surface radius of curvature from the anterior surface value. Some studies have shown a high correlation between the two radii of curvature (e.g. Lowe & Clark, 1973; Royston, Dunne, & Barnes, 1990; Patel, Marshall, & Fitzke, 1993; Garner, Owens, Yap, Frith, & Kinnear, 1997 (6) which we will to estimate the radius of curvature of the posterior surface.
There is little information on the expected value of Q for the posterior corneal surface. In individual cases, it will depend upon the individual eye and probably be as variable as the anterior value. The only known estimates are that from Patel et al. (1993) (mean Q value= − 0.42) and Lam and Douthwaite (1997) (mean Q value= −0.66). However, Patel et al.'s method relied upon measured values of the anterior surface which they found to have a mean value of Q= −0.01, which is very different from most other published values. Lam and Douthwaite (1997) values were for young Chinese in Hong Kong and their mean value was (Q= )− 0.6690.38. Whether this would be typical of other races is difficult to judge, but it may not, because their mean anterior value was −0.309 0.13, which is a little greater than the other published values, e.g. the values of Kiely et al. (1982) ; Guillon et al. (1986) mentioned above. In contrast to the above actual measurements, Liou and Brennan (1997) chose a Q value of − 0.6 to bring the aberration of their model eye in line with that of real eyes.
We can minimise the uncertainty in the level of aberration at the posterior corneal surface, by removing some of the sources of uncertainty. We can estimate the vergence L at the posterior corneal surface by using the measured anterior corneal radius of curvature R and using the expected corneal refractive index and thickness, calculate the expected vergence at the posterior surface. However, the major source of uncertainty remaining will be the asphericity Q. The best we can do is to assume a likely range of values. We will take the range − 1 to 0.
Lenticular 6alue
On the assumption that the values of the primary spherical aberration W 4,0 are additive, we have whole eye value= anterior corneal value +posterior corneal value +lenticular value which gives lenticular value=whole eye value − (anterior corneal value + posterior corneal value) (7) 3. Method
Subjects
Twenty-six subjects were used and the relevant personal data is shown in Table 1 . Subject exclusion criteria included visual acuity values larger than 0.0 log MAR units, any pre-existing corneal or other ocular media abnormalities or pathology, any pre-existing ocular surgery or on-going medical treatment for ocular pathology, any previous ocular pathology which could lead to permanent effects on the ocular media or visual function. No specific exclusion criteria were used to limit spherical equivalent refractive error, but cylindrical refractive error was limited to 1.0DS, and refractive errors in excess of − 2.00DS or + 1.00DS were corrected using trial case lenses which were fitted at a vertex distance of 8 mm when using the crossed-cylinder aberroscope.
Aberration of whole eye
The aberration of the whole eye was measured with the crossed-cylinder aberroscope as described by Cox and Walsh (1997) but modified to include a pupil alignment system to ensure accurate centration of the aberroscope when readings were taken. Readings were taken using a 6× 6 aberroscope grid, with a grid spacing of 0.9 mm, following dilation of the pupil using 1% tropicamide. The analysis of the grid distortion was performed using the orthogonal polynomial method described by Howland and Howland (1977) . This analysis of the retinal grid pattern gave the coefficients W 1 -W 14 . The last five coefficients (i.e. W 10 -W 14 ) are given in Table 2 and were used to find the 'best' fit equivalent rotationally spherical aberration value W 4,0 , using a least squares fit procedure and these values are given in Table 3. 3.3. Corneal contribution
Anterior corneal surface
The vertex radius and asphericity of the anterior corneal surface of each subject were measured with a Topcon KR 3500 keratometer. This instrument measures the sagittal radius of curvature of the cornea at four peripheral locations, above, below, to the right and to the left of the pupil centre. The readings from the keratometer also provide estimates of the vertex radius of curvature of the cornea along the steepest and the flattest corneal meridians as sagittal radii at more central corneal locations are assumed to be equal to the vertex radius of curvature. It then uses this information to infer the eccentricity of the cornea along the steepest and flattest meridians. We used the raw data from the keratometer, namely the sagittal radius along the steepest and flattest corneal meridians at a central location and the sagittal radius along the horizontal and vertical meridians at a peripheral location to calculate the vertex radius and the asphericity of the cornea as a whole. Peripheral radii measurements above, below, temporal and nasal to the pupil centre were averaged, and the central radii of curvature along the steepest and flattest meridians were averaged before computing the vertex radius and asphericity using the method described by Douthwaite and Pardhan (1995) . We collected five sets of measurements from each eye and computed the vertex radii and asphericities for each set of measurements, which we averaged to produce our initial estimates of the vertex radius and asphericity for each subject. These initial estimates were corrected according to calibration curves, which had been drawn up for the instrument by using data collected from the keratometer when measuring PMMA buttons with surfaces with known profiles (the surfaces had undergone Form Talysurf analysis) covering a range of vertex radii from 7.13 to 8.21 mm and a range of asphericities from − 1.45 to − 0.01. This process produced our final estimates of the vertex radius and asphericity. The values of radius of curvature R and asphericities p and Q, for each subject, are given in Table 2 . The corresponding value of W 4,0 calculated by the Eq. (5) are given in Table 3 .
Posterior corneal surface
The posterior corneal radius of curvature was estimated using Eq. (6) and the aberration contribution from this surface was then calculated using Eq. (4), for two extreme Q values, 0 and − 1. The corresponding values are given in Table 3 .
Results
The basic raw data are shown in Table 2 and the calculated aberration values of the various ocular components are given in Table 3 , along with the means and S.D.
The mean and S.D. for the subjects divided into two age groups, young and older are given in Table 4 .
Discussion
Before we comment on the final spherical aberration values of the lens, we should look at the intermediate data, that can be contrasted with similar published material. Any large discrepancy between the two sets of data would throw some doubt upon our raw data.
Firstly, we can look at the mean values of anterior corneal radius of curvature and asphericities shown in Table 2 . The mean radius value is 7.67 9 0.30 mm and this is a little lower but consistent with other published values, e.g. 7.829 0.29 mm, Sorsby, Benjamin, Davey, Sheridan, and Tanner (1957) ; 7.729 0.27 mm, Kiely et al. (1982) ; and 7.789 0.25 mm, Guillon et al. (1986) . The mean asphericity Q value is −0.24 9 0.11, which is between the mean of −0.26 9 0.18 from Kiely et al. (1982) and −0.189 0.15 from Guillon et al. (1986) . Therefore, the corneal shapes found here are also consistent with values found by other investigators. The mean total aberration of the eye value in Table  3 is 0.008890.0095 mm/mm 4 , where the units are chosen to give a wave aberration in micrometers for the pupil co-ordinates in millimetres. An analysis of other published data by Smith and Atchison (1997) found a value of 0.0088 9 0.013 mm/mm 4 , which is remarkable considering the relatively large S.D.
Moving on to the lenticular aberrations given in Table 3 , the mean aberration of the lens is negative over a wide range of possible asphericities of the posterior corneal surface. For a posterior corneal asphericity of 0 (spherical), we would have a mean lenticular spherical aberration of −0.015 90.014 mm/mm 4 and would be as high as − 0.034 90.014 mm/mm 4 for an asphericity of −1 (a paraboloid). Since it is unlikely that the asphericity would lie outside the range − 1 to 0, we can conclude that the spherical aberration of the relaxed lens is negative. A comparison of the mean total aberration of the eye, anterior corneal aberration and lenticular aberration values in Table 3 , shows that both the corneal and lenticular levels are similar but opposite in value and are about two to four times larger than the whole eye level. Therefore, it appears that the lenticular and corneal aberrations are almost oppositely balanced.
We can compare these results with those of Tomlinson et al. (1993) who determined their values psychophysically and expressed the aberration values as longitudinal values in dioptres at the edge a 4 mm diameter pupil. Denoting the longitudinal value at the edge of pupil of radius z by the symbol DF(z), the corresponding wave aberration W 4,0 value is found from the Eq. (8)
Using this Eq. (8) We should stress that the level of spherical aberration in the lens is completely independent of the StilesCrawford effect and therefore the small difference above is probably due uncertainties in each experimental measurement. Artal and Guirao (1998) also estimated the spherical aberration of five subjects. They expressed the aberrations in wavelengths as Seidel values and the conversion to our W 4,0 value is given by the equation (private communication with P. Artal).
Their mean lenticular Seidel value as 0.954, the wavelength was 543 nm with a pupil diameter of 4 mm, giving At this point it is probably worthwhile looking once again at expected values of the posterior corneal surface asphericity. Published work of Patel et al. (1993) give a mean value of Q= −0.42; Lam and Douthwaite (1997) give a mean value of −0.66. Liou and Brennan (1997) used the value of −0.6 for their schematic eye. These values are towards the middle of the range we have considered (Q=0 to −1). Eq. (4) applied to the posterior surface shows that this surface has zero spherical aberration for a Q value of approximately − 0.34 and depending slightly on the corneal structure. More negative values will give a positive aberration. Therefore, we may expect that the posterior surface probably contributes a small amount of positive spherical aberration on average.
So there appears to be no doubt that the lens has negative spherical aberration, when in the relaxed state. It is not clear from where this negative aberration arises. Being a gradient refractive index structure, there are three sources of spherical aberration; front surface, back surface and the lens bulk. Equations for calculating the aberration contribution from the surfaces can be found in texts by Welford (1986) , Smith and Atchison (1997) and equations for calculating the aberrations of gradient index structures have been given by Sands (1970) .
There are three interesting possible alternatives. 1. If the surfaces were spherical, they would have a positive contribution, which would mean that the lens bulk would have to have a higher negative aberration to compensate. 2. On the other hand, if the lenticular surfaces had the appropriate asphericity (a negative value of asphericity Q) all the negative spherical aberration could come from these surfaces with the lens bulk having to contributing nothing. 3. If the lenticular surfaces were more aspheric (even more negative values of Q) they would have a higher negative spherical aberration and this would mean that the lens bulk would have to provide a positive contribution. Therefore, because the front and back surface asphericities and the lens bulk refractive index distribution are essentially independent sources of spherical aberration, we cannot uniquely predict the structure of the lens from its spherical aberration. In particular, we cannot predict the internal structure of the gradient index distribution. This conclusion is in conflict with the work of Pomerantzeff et al. (1972) who claimed to have determined the gradient index distribution from the spherical aberration of the whole eye.
While a knowledge of the spherical aberration of the lens cannot lead us to a unique solution for the lens shape and internal refractive index distribution, such aberration data can be used to test and compare different and rival schematic models of the lens that the same power. However, if we could measure lenticular surface asphericity in vivo, we would be able to decide which of the above three options are more likely and with the narrowing of options, we would have a better idea of the likely form of the refractive index distribution inside the lens.
Age effects
The data shown in Table 4 indicates that the older eye has much more total aberration than the younger eye. The corresponding Student t-test value is 2.14 and with N =26. This value is significant at the P B0.05 level for a 2-tailed test. While the mean older aberration level is nearly twice the younger level, the S.D. of the older values restricts the statistical significance being obtained with a sample of this size. Other published results add weight to the possibility that the differences are real. Guirao, Gonzalez, Redondo, Geraghty, Norrby, and Artal (1999) measured the ocular modulation transfer function of 20 young subjects (mean age 24 years), 20 middle-aged subjects (mean age 46 years) and 20 older subjects (mean age 63 years) and found that the older subject groups had lower levels of modulation transfer.
On the other hand, the rotationally symmetric aberration of the anterior corneal surface does not seem to be different between younger and older eyes. This finding also has support from previous work (Oshika, Klyce, Applegate, & Howland, 1999) . Therefore if the older eye does have a greater level of aberration, it is probably due to aberration changes in the lens. Age-related changes in monochromatic aberrations have already been measured in the isolated human crystalline lens (Glasser & Campbell, 1998) .
The fact that total aberration of the eye may be increasing with age, and that this change arises in the lens, is not surprising. The lens continually grows throughout life and there are significant changes in vertex radius of curvatures (Brown, 1974) , thickness (Koretz, Kaufman, Neider, & Goeckner, 1989) , and possible changes in refractive index distribution (Smith et al., 1992) . It would not be unexpected, if these physical changes led to a change in aberration level.
Conclusions
The results of this study point to the relaxed lens having negative spherical aberration and approximately the same level as the positive value of the anterior corneal surface. Thus these two sources of aberration tend to cancel out, leaving the eye as whole with a much lower level of spherical aberration.
It is not possible to give a precise level for the lenticular aberration because the method we have used requires a knowledge of the aberration level at the posterior corneal surface. However, over a large range of possible shapes of this surface, the lenticular aberration is negative.
There appears to be an age effect, with older eyes having a larger aberration for the whole eye. This difference is statistically significant and it is most likely due to the age related changes in the crystalline lens, with the spherical aberration of the lens becoming less negative with age.
